Background. The flow convergence region (FCR), a zone of progressive laminar velocity acceleration, can be imaged by color Doppler proximal to stenotic and regurgitant orifices. Theoretically, FCR proximal to a discrete circular and planar orifice consists of concentric hemispheric shells of equal and accelerating velocities centered at the orifice. According to the continuity principle, flow rate across any of these isovelocity surfaces equals flow rate through the orifice. The aim of this study was to investigate whether these principles could be applied to quantify left-to-right shunting and the size of atrial septal defects after balloon mitral commissurotomy.
Methods and Results. Biplane transesophageal echocardiography (TEE) with color flow imaging was performed on 36 consecutive patients (mean age, 57±16 years; range, 14-78 years) immediately before and within 24 hours of balloon (Inoue, n=33 ; Mansfield, n=3) mitral commissurotomy. Left-to-right atrial shunting was detected by TEE in 33 patients (92%) and by oximetry in 11 patients (31%). The radius r of FCR was measured from the first aliasing limit, at a Nyquist velocity reduced to 11 cm/sec by zero-shifting, to the orifice in the atrial septum. FCR was assumed to be hemispherical. Hence, flow rate (Q) was calculated as 2irr2 Vr, where V, is the velocity at a radial distance r. The velocity profile of transatrial flow was assessed by means of high pulse repetition frequency, from which the maximum flow velocity (Vp) and the velocity-time integral (VTI) were obtained. The flow area of the atrial septal defect was calculated as Q., the maximal flow rate, divided by Vp. Hence, shunt flow was calculated as flow area XVTIxheart rate. FCR was analyzed in two orthogonal planes. Mean Q. (38.1±26.5 versus 5.3±2.7 mL/sec), flow area (22.1±11.2 versus 4.4±2.0 mm2), and shunt flow (1,590±1,070 versus 200±130 mL/min) on transverse plane imaging were all significantly higher in patients with shunts detected by oximetry than in those without. Similar results were obtained from longitudinal plane imaging. Q. correlated well with oximetric shunt flow (r=0.89-0.94,p<0.001) and shunt ratio (r=0.91-0.94,p<0.001). Flow area correlated closely (r=0.93-0.94, p<0.001) with area determined by direct measurement from two-dimensional echocardiography. Shunt flow determined by FCR also correlated closely (r=0.94-0.98, p<0.001) with that determined by oximetry and that derived from two-dimensional echocardiography and pulsed Doppler (r=0.96, p<0.001).
Conclusions. The flow convergence region imaged by TEE color flow mapping provides new and accurate quantitative information on atrial shunt flow and defect size after balloon mitral valvotomy. It is a quick, reliable, and fairly simple method that can be readily incorporated into routine clinical practice. (Circulation 1993; 87:1591 -1603 KEY WORDS * mapping * Doppler * echocardiography, transesophageal * A new quantitative method, based on the principle of flow acceleration proximal to a restrictive orifice, recently has been described7,8 and applied clinically to quantify mitral regurgitant flow and shunt flow through ventricular septal defects. [9] [10] [11] According to the laws of hydrodynamics, the flow convergence region (FCR) proximal to a discrete circular and planar orifice consists of concentric hemispheric isovelocity surfaces centered at the orifice. By applying the continuity principle, flow rate across any of these isovelocity surfaces is equal to the flow rate through the orifice. During valvotomy, standard instruments of circular cross sections are used to perforate the atrial septum, usually the thin oval fossa.' This iatrogenic atrial septal defect acts as a restrictive orifice through which blood flows continuously from the high-pressure left atrium to the relatively FIGURE 2. Transesophageal colorflow imaging of flow convergence regions (FCRs) in two orthogonal planestransverse (top) and longitudinal (bottom). FCR can be seen to be semicircular in both planes, justifying the hemispherical model used in the calculation offlow rate. LA, left atrium; RA, right atrium; LV, left ventricle. low-pressure right atrium. The principal aim of this study therefore was to investigate whether the method of proximal flow convergence combined with biplane TEE could be applied to derive quantitative information on atrial shunt flow and defect size after balloon mitral commissurotomy.
Methods
The study population consisted of 36 consecutive patients (14 men and 22 women; mean age, 57±16 years; range, 14-78 years). Three patients previously had balloon (Mansfield, Boston Scientific) mitral commissurotomies and were being reinvestigated because of suspected mitral valve restenosis. Transthoracic and biplane TEE was performed immediately before and within 24 hours of commissurotomy using a commercially available ultrasound system (Advanced Technology Laboratories, Ultramark 9). All patients gave informed consent.
Cardiac Catheterization, Transseptal Puncture, and Balloon Valve Dilatation
All patients underwent left and right cardiac catheterization and left ventriculography before balloon dilatation. Except for three young patients, all patients also underwent coronary angiography. Balloon mitral commissurotomy was performed using Inoue et al's technique.13 Transseptal puncture was performed with a Brockenbrough needle and a 7F Mullin sheath introduced into the right femoral vein, using standard techniques. The needle then was removed, and a stainlesssteel spring-tip guide wire was inserted through the Mullin sheath into the left atrium. Next, the sheath was removed, and a 14F dilator was introduced over the guide wire to dilate the groin entry site and the puncture in the femoral vein. The dilator was advanced over the wire through the atrial puncture and into the left atrium. The dilator then was removed. The Inoue balloon catheter with its balloon stretched so that it assumed a low profile configuration was inserted into the femoral vein over the guide wire and advanced across the atrial septum into the left atrium. After completion of the dilatation procedure, special care was taken to avoid injury to the atrial septum during catheter withdrawal. First, the catheter was pulled against the atrial septum. The metal tube that stretches the balloon and the guide wire were inserted into the catheter. With the guide wire in the left atrium, the metal tube was advanced to stretch the balloon segment. Then, the stretched and elongated catheter was withdrawn through the atrial septum and femoral vein. Three patients had commissurotomies performed (2-4 years earlier) using the Mansfield (Boston Scientific) balloon catheter. In these three cases, the atrial septum was dilated using a balloon with an 8-mm diameter. Hemodynamic measurements after valvotomy were made without catheter occlusion of the atrial puncture site. Oximetry was used to detect and quantify atrial shunting. Samples were obtained from low inferior vena cava, high inferior vena cava, high superior vena cava, low superior vena cava, main pulmonary artery, and aorta. Left-to-right shunting was diagnosed if the oxygen saturation of the pulmonary artery sample exceeded the mean oxygen saturation of the superior vena cava samples by at least 7%.13 Pulmonary and systemic blood flows (Qp, Qs) were measured using the Fick equation and assumed oxygen consumption. Mixed venous saturation, used in calculating systemic blood 0   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33 (Qm) derived from flow convergence regions proximal to atrial septal defects in patients with shunts detected by oximetry (group 2) and those without (group 1). Qm in this figure was obtained from either the transverse or longitudinalplane, whichever provided the higher value. A logarithmic scale is used to facilitate visual comparison. Note that Qm is significantly higher in group 2 patients and that there is no overlap between the two groups. Thus, Qm can be used as a rapid index that readily discriminates between these two groups.
flow, was calculated as (3 superior vena cava oxygen saturation plus inferior vena cava oxygen saturation) divided by 4. Atrial shunt was calculated as the difference between Qp and Q. Gorlin's formula was used to calculate mitral valve area. Transthoracic Echocardiography Comprehensive echocardiography and Doppler examinations were performed before and after commissurotomy. Specifically, mitral valve morphology was scored using the classification described by Wilkins et al. 15 Three dimensions of the left atrium were measured to calculate its volume: the anteroposterior dimension in the parasternal long-axis view and the mediolateral and superoinferior dimensions in the apical four-chamber view, as described by Sanfilippo et al. 16 Therefore, left atrial volume was estimated by modeling the shape of the left atrium to that of a prolate ellipsoid. Intraobserver variability for volume calculation was 2%, and intraobserver variability was 4%. Atrial shunting was examined by color flow mapping in multiple views, including from the subcostal window.
TEE and Color Doppler Examination
Patients were examined in the lateral decubitus position. All patients received mild sedation using 1-5 mg midazolam i.v. The transesophageal probe consisted of two phased-array 5-MHz transducers, with 48 elements in each, mounted side by side at the tip of a modified gastroscope. This had the advantage of being able to image in two orthogonal planes-transverse and longitudinal. The atrial septum was examined in both planes to achieve three main objectives: assessment of the FCR proximal to the atrial defect, assessment of the size of the atrial jet in the right atrium, and assessment of the size of the atrial defect by two-dimensional echocardiography.
Color flow imaging was performed using narrow angled sectors and a pulse repetition frequency of 4 kHz. Flow directed toward the transducer was represented in red, and flow away from the transducer was shown as blue. At a pulse repetition frequency of 4 kHz, flow can be measured unambiguously by this system up to a velocity of 31 cm/sec. Higher velocities cause color reversal (aliasing). Aliasing can be produced at lower velocities by zero-shifting the velocity limit for flow away from the transducer. Thus, by stepwise lowering of the color baseline, aliasing velocities can be reduced from 31 to 27, 23, 19, 15, 11, 7 , and 3 cm/sec. The radius of FCRs increases as the aliasing velocity is reduced. However, velocity limits below 11 cm/sec caused blurring of aliasing boundaries. We therefore chose a baseline-shifted Nyquist limit of 11 cm/sec for this study.
At a pulse repetition frequency of 4 kHz, wall filter in this system can be set at 200, 300, 400, 600, and 800 Hz. We chose 400 Hz as it was the lowest wall filter that consistently excluded wall motion artifacts. Instrument settings were kept constant throughout the study in all except one patient. In this one patient, who had a large SHUNT shunt with a correspondingly large FCR, color imaging was performed at a pulse repetition frequency of 5 kHz and Nyquist velocity shifted to 14 cm/sec. FCRs were identified immediately proximal to the defects on the left atrial side of the septum (Figure 1 ). They were imaged in both longitudinal and transverse planes ( Figure 2 ). The transesophageal probe was carefully manipulated so as to maximize visualization of FCR. The radius (r) of FCR was measured from the first aliasing limit to the orifice in the septum. The geometry of FCR was assumed to be hemispheric. According to the continuity principle, the flow rate across any isovelocity surface in FCR is equal to the flow rate through the orifice. Hence, the maximum instantaneous flow rate (Qm) through the atrial defect is equal to 27rr2 Vr (2irr2 is the area of a hemisphere, and V, is the velocity at a radial distance r). The maximum radius of FCR, used for calculating Qm, was obtained by frame-by-frame analysis of FCR in each cardiac cycle. In the majority of cases, FCR was largest in size at the end of systole. Qm was measured over 10 cardiac cycles in each plane. Pulsed Doppler using high-pulse repetition frequency was used to characterize the velocity profile of shunt flow in the right atrium. The sample volume was positioned in the color flow jet, close to the septal orifice. The peak flow velocity (Vp) of the jet and velocity time integral (VTI) were measured. The flow area (FA) of the atrial defect was calculated as Qm divided by Vp. VTI was averaged over 10 cardiac cycles. Shunt flow was calculated as VTI x FAx heart rate.
The maximal area of the color flow jet in the right atrium was measured in both longitudinal and transverse planes using a computer-assisted planimeter. Frame-byframe analysis was used to identify the largest jets in each cardiac cycle. The maximal area measured included both the central core of aliased signals as well as the immediately adjacent nonturbulent velocities of the jet. Narrow sector angles were used to maximize frame rate, and gain level was adjusted to just below that which introduced static noise in the color signal. Care was taken to readjust the color flow maps to their standard operational mode before making jet area measurements. Maximal jet area was averaged over 10 cardiac cycles.
Color Doppler was used to aid in identification of the defect in the atrial septum. The largest diameters were measured in transverse and longitudinal planes. The magnification mode (zoom) was used to minimize measurement errors. Because biplane TEE allows orifice diameters to be measured in two orthogonal planes, the general formula of an ellipse was applied to calculate orifice area. This formula has the advantage of incorporating circular geometry. Studies were stored on videotapes for subsequent computer-assisted frame-by-frame analysis. Reproducibility of FCR radius was assessed in 10 randomly selected patients. Intraobserver variability was assessed by one investigator measuring FCR radius over five cycles in each patient and repeated 1 week later. Interobserver variability was evaluated by two investi- gators measuring FCR radius in the same patients over the same five cardiac cycles.
Statistical Analysis
Data are presented as mean± SD. The correlation between continuous variables was determined by linear regression analysis. Student's t test and the X2 test were used as appropriate to compare group variables. A value of p<0.05 was considered statistically significant. The agreement between atrial shunt flow calculated by the flow convergence technique and that derived from either oximetry or two-dimensional echocardiography and pulsed Doppler was assessed by the method of Bland and Altman. 17 Results Table 1 shows data obtained from catheterization and by means of TEE. Left-to-right atrial shunting was detected by oximetry in 11 patients, three of whom had atrial septal defects as a result of previous balloon commissurotomy, using the Mansfield balloon. Repeat commissurotomy was performed in one of these three patients using the existing defect in the septum for passage of the Inoue balloon catheter. These 11 patients constitute group 2 of our study. Group 1 consisted of the other 25 patients in whom oximetry failed to detect left-to-right atrial shunting.
Transthoracic echocardiography detected atrial shunting by color flow mapping in 22 (61%) of the 36 patients-44% of group 1, and 100% of group 2. TEE detected left-to-right atrial shunting by color flow mapping in all except three (92%) patients. It was detected by both transverse and longitudinal plane imaging in 31 patients, by longitudinal plane imaging only in one patient, and by transverse plane imaging only in one patient.
Of the 33 patients with detectable shunting on TEE, FCR was not visualized in two patients (both in group 1), despite setting the color flow maps to the lowest aliasing velocities and using the zoom mode of the ultrasound system. Qm was measurable in the remaining 31 patients (20 of group 1 and 11 of group 2). Intraobserver and interobserver reproducibilities for the mea- surement of FCR radius were 3% and 7%, respectively. On transverse plane imaging, the mean Qm of group 1 patients was 5.3±2.7 mL/sec (range, 3.0-12.2). The mean Qm of patients in group 2 was much higher, 38.1±26.5 mL/sec (range, 17.3-99.0,p=0.004). On longitudinal plane imaging, the mean Qm for group 1 was 5.6±3.2 mL/sec (range, 2.5-13.1), and mean Qm for group 2 patients was 43.7±31.6 mL/sec (range, 22.3-128.0, p=0.003). The correlation between measurements from the two planes was excellent (r=0.99, SEE=4.2 mL/sec, p<0.001). Figure 3 shows that Qm readily separated group 1 and 2 patients. Thus, all patients without evidence of shunt on oximetry had Qm values of less than 13.1 mL/sec, whereas those with oximetric shunts had Qm values in excess of 22.3 mL/sec. There was no overlap between the two groups. Also, Qm was a very good predictor of both the magnitude of shunting (r=0.89-0.94, p<0.001) and shunt ratio (r=0.91-0.94,p<0.001). Figure 4 shows the linear relation between Qm and shunt flow measured by oximetry.
Velocity profiles of transatrial flow were obtained by pulsed Doppler in 26 patients. There was no shunt on TEE in three patients, good-quality tracings were not obtained in four, and it was not recorded in three other patients. Mean Vp was 143.4±38.9 cm/sec (range, 85-221).
The flow area of the atrial defect was derived from Qm divided by Vp in 26 patients. From the transverse plane, mean flow area was 4.4+2.0 mm2 for group 1 patients and 22.1±11.2 mm2 for group 2 patients (p=0.001). The corresponding values from the longitudinal plane were 4.4±2.2 mm2 and 25.5±12.9 mm2, respectively (p=0.001).
The mean FCR-derived shunt flow calculated from the transverse plane of TEE data was 200± 130 mL/min for group 1 patients and 1,590±1,070 mL/min for group 2 patients (p=0.005). The respective values from longitudinal plane were 190±120 mL/min and 1,780±1,270 mL/min (p=0.003). The mean shunt flow derived from oximetry for the 10 patients in whom correlative data were available was 1,610+930 mL/min. Figure 5 shows good correlations (r=0.94-0.98, p<0.001) between the shunt flow derived from the flow convergence technique and that obtained from oximetry. Figure 6 shows that there is good agreement between the two methods. The one patient outside the "limits of agreement" is noteworthy. This was a patient (case 33, Table 1 ) with a thin, aneurysmal atrial septum that was torn during valvotomy, causing severe shunting. TEE showed a large atrial septal defect; this, combined with the fact that geometry of the defect is likely to be complex, may explain the disparity between FCR and oximetric methods in this . Scatterplot of maximal area of jet in the right atrium, comparing patients with shunts detected by oximetry (group 2) and those without (group 1). Although jet size is significantly larger in group 2 patients, there is overlap between the two groups.
case. Also note (from Table 1 ) that there was a relatively large difference between shunt calculated from the transverse and longitudinal planes in this patient. Defect size was measured by two-dimensional echocardiography in 34 patients. The defect was visualized in both planes in 31 patients; hence, the formula of an ellipse was applied. In the other three patients, all in group 1, in whom the defect was seen in one plane only, circular geometry was assumed. The mean area was 4.1+2.3 mm2 for group 1 patients and 22.6+10.4 mm2 for group 2 patients (p<0.001). There was a good correlation (r=0.93-0.94, p<0.001) between area derived from two-dimensional echocardiography and that derived from the flow convergence method (Figure 7) .
We also calculated shunt from the area derived from two-dimensional echocardiography and pulsed Doppler. Mean shunt for the whole series by this method was 760±980 mL/min (range, 50-3,830). The corresponding values by the FCR method were 730±920 mL/min (range, 100-3,780) on transverse plane imaging, 810±1,090 mL/min (range, 80-4,870) on longitudinal plane imaging, and 770±1,020 mL/min (range, 90-4,330) when data from the two planes were averaged. Figure 8 shows that the two methods correlate strongly and agree closely.
Color flow jets across the atrial septum were visible in the right atrium in 33 patients. The full extent of the jets was difficult to assess in five patients due to interference caused by tricuspid regurgitant jets in three patients and to unusually located puncture sites in the other two patients. It is noteworthy that the defects in the latter two cases would have been missed were it not for the presence of FCR, which alerted the operator. Figure 8 compares the maximal areas (obtained in either longitudinal or transverse plane imaging) of the jets between the two groups. Group 2 patients had significantly larger jets than those in group 1, indicating that color flow mapping remains a useful visual technique for assessing shunting semiquantitatively. There was, however, overlap in jet areas between the two groups of patients. Table 2 compares the clinical, echocardiographic, and hemodynamic characteristics of patients in the two groups.
Discussion
This study shows that left-to-right atrial shunt and defect size can be accurately quantified after balloon mitral commissurotomy by biplane TEE, color flow mapping, and the principle of proximal flow convergence.
Left-to-right atrial shunting after balloon mitral commissurotomy can be detected by oximetry in only a minority of patients. In a large series of 527 patients, Inoue was detected by oximetry in 71 of 719 patients (9.9%) in whom mitral commissurotomy was performed using single (15%) and double (80%) polyethylene balloon catheters. 19 Using venovenous indicator (indocyanine green) dilution curves, Cequier et a120 detected atrial shunting in 42 of 68 patients (62%) after commissurotomy. TEE combined with color flow mapping is the most sensitive technique for detecting atrial shunts. Yoshida et a12 found shunting in 13 of 15 patients (87%) by single-plane TEE. With the use of biplane TEE, we found left-to-right atrial shunting in 33 of 36 patients (92%) examined. Furthermore, our study demonstrates that biplane TEE not only is highly sensitive for the detection of atrial shunting after commissurotomy but also is a powerful quantitative tool for estimating both defect size and shunt flow across it, using the proximal flow convergence principle. Hemodynamic and anatomic factors after commissurotomy are highly favorable to the in vivo application of this novel approach to flow quantification. The atrial septum separates a highpressure chamber (left atrium) from a relatively lowpressure chamber (right atrium). Creation of a defect in the septum allows continuous flow throughout the cardiac cycle from left to right. Second, the defect is performed deliberately and in a controlled fashion with standard instruments of circular cross sections and of known dimensions. The resulting defects are small and thereby act as restrictive orifices. Third, flow through the defect is unaffected by competitive flow as mitral valve flow is at right angles to shunt flow. Fourth, atrial puncture usually occurs with the oval fossa (all except two patients in our study), which is the thinnest part of the septum. This means that the atrial defect can be closely approximated to a planar orifice. Thus, the principles of flow convergence relating to laminar flow through a restrictive circular and planar orifice appear eminently applicable to atrial shunt flow after mitral commissurotomy. Hydrodynamic theory predicts the FCR to be hemispheric in such cases. The validity of this theoretical assumption appeared to be justified in practice. FCRs were found on TEE color flow mapping to be semicircular or nearly so on both transverse and longitudinal planes. This also accounts for the excellent correlation between measurements in these two orthogonal planes. However, it is not necessary for orifices to be circular for this method to be valid. Rodriguez is seen across the atrial septum and is about to be withdrawn from the left atrium into the right. Note the potentially large defect in the septum. Bottom panel:
Immediately after catheter withdrawal, the defect cannot be seen without the aid of color flow mapping. LA, left atrium;
RA, right atrium. flow rate when orifices are noncircular. They used a hemielliptic model and concluded that differences in planar orifice shape do not affect calculation of volume flow rate. The hemielliptic model requires imaging of the FCR in three orthogonal axes, which is not possible with biplane transesophageal imaging. One drawback with this model is the need for computer assistance for flow calculation, unlike the hemispheric model, which is very simple to use.
The use of biplane TEE is a major strength to this study. High-frequency transducers improve spatial resolution and enable lower aliasing velocities to be used. This, coupled with baseline shifting of color flow maps, allowed FCRs to be maximized in size, and therefore small shunts could be quantified. TEE allowed very small defects in the atrial septum to be detected, and by imaging in two orthogonal planes, errors in area measurements were reduced. Therefore, it was possible to validate flow areas derived from the flow convergence method against area measured directly by means of two-dimensional echocardiography. This approach has been used to quantify valve area in patients with mitral stenosis,23.24 but there are no clinical studies that have correlated either regurgitant or shunt flow areas with anatomic areas. An important technical consideration of this study was the maximization of frame rate, as one of our primary objectives was to assess maximal flow rate (Qm). High frame rate was achieved by imaging with narrow angled sectors and relatively high-pulse repetition frequency (4 kHz). Another advantage of TEE is its ability to image the atrial septum at right angles to the ultrasound beam. FCRs thus could be optimally visualized, and flow across the septum could be assessed accurately by pulsed Doppler without the need for angle corrections. Our study shows that shunt calculated by the flow convergence method correlates closely with that calculated by two-dimensional echocardiography and pulsed Doppler. The flow convergence method has FIGURE 11. Right panel: Flow convergence region (FCR) proximal to an atrial septal defect obtained by transesophageal color flow imaging in a patient with a shunt ratio of 2.1. Note that FCR is prominent even though the first aliasing limit has been reduced to only 17 cm/sec. Left panel: M-mode color display of FCR obtained by positioning the M-mode cursor on FCR shown on right. Arrows show the aliasing boundary. Note that shunting occurs throughout the cardiac cycle and that the size of FCR (hence, flow rate) shows relatively small temporal changes in this case. a number of advantages over the latter. It does not assume any specific geometry for the orifice; orifice shape does not appear to influence the accuracy of the technique, especially when aliasing velocities are small relative to orifice velocities,2' as in our study. The two-dimensional echocardiography method, in contrast, relies on accurate determination of orifice area. This requires imaging in at least two planes for accuracy, and specific orifice geometry has to be assumed. Furthermore, FCRs proximal to the defects generally are easier to visualize than the defects themselves, especially when these are small. FCRs may be used to guide localization of the defects. Finally, because of low aliasing velocities being used, the radii of FCRs are larger than the defect diameters, permitting greater measurement accuracy. This is well exemplified by the case shown in Figure 1, where the defect is small compared with its FCR.
The spatial distribution of jets in the right atrium is only a fair guide to the magnitude of atrial shunting because of its dependence on factors such as driving pressure, instrumentation settings, and compliance of the receiving chamber. In addition, the jets in the right atrium interact with flow from four sources: superior and inferior venae cavae, coronary sinus, and tricuspid regurgitation. The latter was present in all of our patients, and the jets often were seen to be directed toward the atrial septum, where they interacted with atrial jets. In some cases (not in the present series), we have observed tricuspid regurgitant jets entering the defects in the septum and causing right-to-left shunting. These limitations are overcome by the flow convergence method. FCRs are zones of laminar accelerating flow proximal to the shunt orifice and thus are independent of factors operating in the distal receiving chamber.
This study also indicates that the size of atrial defects is a major determinant of the magnitude of left-to-right shunt. Defect area (both flow and anatomic) was more than fivefold larger in group 2 patients than in group 1 patients. Using the Inoue catheter technique, the expected defect area is 17.1 mm2 (14F dilator), whereas this area would be expected to be 50.2 mm2 using the 8-mm balloon. The mean area expected for patients in group 2 (Inoue balloon, n=8; Mansfield balloon, n=3) thus is 26.1 mm2. It is interesting that the defect area of group 2 patients measured by either the flow convergence method or two-dimensional echocardiography was close to this expected value, but patients in group 1 had areas that were very much smaller than the expected 17.1 mm2. The elastic properties of the atrial septum tending to close off the defects after catheter withdrawal are shown in Figure 9 . The site of atrial perforation does not appear to be important as all punctures in group 2 and all except two in group 1 were within the oval fossa.
The maximum instantaneous flow rate (Qm) is a very useful quantitative index of total flow. It accurately predicted the magnitude of atrial shunt flow in our study. Similar findings have been reported by other investigators. Bargiggia et all' studied 52 patients with mitral regurgitation and showed that the maximum regurgitant flow rate correlated closely (r=0.91) with angiographic grading. They also demonstrated a good correlation (r=0.93) with angiographic regurgitant volume in 15 patients. Moises et a112 also showed that Qm correlates closely with shunt flow through ventricular septal defects.
Using the flow convergence technique to assess atrial shunt should be relatively easy in clinical practice. Adjustments of color flow maps are not always necessary. In our study, all patients with undetectable shunts by oximetry had FCRs that were either invisible or nearly visible when the color flow maps were in their standard operational modes. Patients with shunts detectable by oximetry, on the other hand, have FCRs that were clearly visible even without adjusting the color flow maps. The larger the FCRs, the greater was the magnitude of shunting. Thus, small and clinically unimportant shunts can be quickly eliminated.
The flow convergence method can be used to assess atrial shunt not only within 24 hours of valvotomy but also years later if shunting persists. This is illustrated by the three patients in group 2 who had had valvotomies performed 2-4 years earlier. Unsuspected shunting was diagnosed and quantified in all three by TEE first and subsequently confirmed by cardiac catheterization.
Study Limitations
Shunt derived from the flow convergence technique could be validated against shunts assessed by oximetry in only a relatively small number of patients, that is, those in group 2. This is due to the low sensitivity of the oximetric method. That the flow convergence technique is valid in group 1 patients as well is demonstrated by the good correlation between shunt derived by this technique and that calculated by two-dimensional echocardiography and Doppler. The size of FCRs and atrial defects in group 1 patients were small, and significant errors in measurements are possible. This was minimized by careful adjustments of color flow maps, scanning depth, and the use of zoom. Group 2 patients had large FCRs and atrial defects, which could be measured more accurately. Clinically, accurate assessment of shunt and defect size would be important in only the latter group of patients. Another potential source of error is the use of assumed oxygen consumption to calculate pulmonary and systemic flow. However, our study shows that Qm correlates well with shunt ratio as well as with absolute flow.
An attractive method of assessing shunt flow would have been with the use of color M-mode tracings of the first aliasing limit proximal to the atrial defect. 25 The instantaneous flow rate then could be integrated over time. In practice, this is difficult to achieve in patients with small FCRs (group 1 patients), but it is feasible in group 2 patients (Figure 11 ).
In conclusion, this study shows that the principle of flow convergence combined with TEE provides accurate and easily derived quantitative information on atrial shunt flow and defect size after mitral balloon valvotomy. It is a sensitive technique that is quick, reliable, and simple enough to be incorporated into routine clinical practice.
